Introduction {#Sec1}
============

Recently, peptide surfaces have received considerable attention and have found many applications in the biological and pharmaceutical fields, e.g. in protein detection \[[@CR1]\], enzyme assays \[[@CR2]\], protein interactions studies \[[@CR3]\], rapid screening for selective substrates and inhibitors \[[@CR4]\], and drug profiling \[[@CR5]\]. The main advantage of using a peptide array system is the possibility for simultaneously screening thousands of binding events in biological and pharmaceutical research \[[@CR6]\]. Such applications require that peptide surfaces ensure the optimal binding capacity of the peptide substrate, retain its biological activity and provide the accessibility of the substrate to enzyme action. The surface should also minimise non-specific binding of biomolecules.

The above requirements can be achieved by selecting proper surface parameters and detection techniques. The surface homogeneity, roughness, philicity, density of functional groups and the spacing between surface and biologically active compounds may be crucial for study of enzymes with aid of peptide surfaces. Current detection strategies can be classified into label-free methods, such as mass spectrometry \[[@CR7]\], surface plasmon resonance \[[@CR8]\], atomic force microscopy \[[@CR9]\] and labelled probe methods, such as fluorescence \[[@CR10]\], chemiluminescence \[[@CR11]\] and radioactivity detection \[[@CR12]\]. The correct combination of the applied analytical methods is essential for enzyme recognition.

Considerable efforts have been devoted to preparing various types of supports and to developing an optimal method for attaching peptides to the surface \[[@CR13]\]. The rigid materials used as supports have many advantages over porous ones---ensuring immediate access of enzyme to the peptide, improving image acquisition and allowing for the use of mass spectrometry as a detection technique \[[@CR14]\]. The major methods for immobilising bioactive compounds on a surface are as follows: adsorption \[[@CR15]\], ligand--receptor pairing \[[@CR16]\] and covalent immobilisation \[[@CR17]\] on the chip. Adsorption methods, despite their simplicity, have some drawbacks; the main is a risk for the spontaneous removal of adsorbed peptides during experimental steps. The covalent attachment of bioactive compounds to the functionalised surface results in the formation of the most stable bonds.

The peptides can be attached to the support directly or by using a spacer. It has been reported that the presence of poly(ethylene glycol) (PEG) as a linker between the surface and the peptide improved the assays \[[@CR18]--[@CR20]\]. The presence of hydrophilic PEG chains reduces the non-specific binding of biomolecules to the surface, provides a low background during fluorescence measurements, minimises steric hindrance and consequently makes the linked peptide fully accessible for enzyme actions.

Proteases are a large group of enzymes that are able to catalyse the hydrolysis of appropriate peptide bonds \[[@CR21]\]. These enzymes regulate protein functions in the body and are involved in a multitude of physiological processes, from simple digestion of food proteins to highly regulated cascades \[[@CR22]\]. Therefore, aberrations in the expressions or functions of proteases have been implicated in many pathological conditions, which make many proteolytic enzymes of clinically relevant importance valuable as diagnostic biomarkers. Peptide surfaces in combination with some detection techniques enabled the development of tools for identification of enzyme in human serum \[[@CR23]\].

In this work, we proposed a simple method for preparing a well-characterised peptide-containing surface as an effective tool for studying the action of trypsin and showed the proper characterisation way for determining both the surface structure and composition. As a trypsin substrate, the pentapeptide sequence carboxyfluorescein--glycine--arginine--methionine--leucine--glycine (CF-GRMLG) was used. Labelling of peptide by carboxyfluorescein (CF) allowed for fluorescence detection of the enzymatic reaction products. The peptides were covalently bound to the modified silicon surface directly or through a PEG linker. Time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS), contact angle (CA) and atomic force microscopy (AFM) measurements were used to confirm each step during the preparation of the peptide surfaces. The influence of short PEG linker on the quality of performed enzyme assay was shown. The products from the trypsin hydrolysis of the peptide surfaces were studied in detail using electrospray ionisation mass spectrometry (ESI-MS), fluorescence and ToF-SIMS to confirm the usefulness of the prepared wafers as an analytical platform to study proteases.

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

Boron-doped, p-type silicon wafers (100) with a thickness of 525 μm were supplied by CEMAT SILICON S.A. (Poland). 1-(9-Fluorenylmethyloxycarbonyl)amino-3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxanonatriacontan-39-oic acid (Fmoc-NH-PEG(6)-COOH, 98 %) and Fmoc-G-2-chlorotrityl polystyrene resin were purchased from Iris Biotech GmbH (Germany). 2-Chlorotrityl chloride resin was purchased from Rapp Polymere (Germany). Hydroxybenzotriazole hydrate (HOBt, 98 %) was purchased from Advanced ChemTech (USA). Water (gradient grade) and acetonitrile (gradient grade, 99.9 %), sulphuric acid (96 %), hydrogen peroxide (30 %), ethanol (99.8 %), methanol (MeOH, 99.8 %), dichloromethane (DCM, 99.8 %), hexane (99 %), *N*,*N*-dimethylacrylamide (DMF, 99.8 %), diethyl ether (pure p.a.), *n*-buthanol (pure p.a.), phenol (pure p.a.) and potassium hydroxide were obtained from POCh (Poland). Trypsin (sequencing grade) was purchased from Promega (USA). Fmoc L-amino acids (Fmoc-G, Fmoc-L, Fmoc-M, Fmoc-R(Pbf); ≥98 %), (5,6)-carboxyfluorescein (CF, ≥95 %), acetic acid (AcOH, 99 %), trifluoroethanol (TFE, 99 %), trifluoroacetic acid (TFA, 99 %), triisopropylsilane (TIS, 99 %) piperidine (99 %), *N*,*N*-diisopropylcarbodiimide, (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate (COMU, 97 %), *N*,*N*-diisopropylethylamine (DIPEA, 99 %), diisopropylcarbodiimide (DIC, 99 %), ammonium bicarbonate (≥99.5 %), 3-aminopropyltriethoxysilane (APTES, 99 %), potassium cyanide (BioUltra, ≥98.0 %) and ninhydrin (≥98.0 %) were purchased from Sigma-Aldrich. DMF was distilled under reduced pressure before use. DCM and acetone were distilled before use. Pyridine was distilled over potassium hydroxide. For the mass spectrometry measurements, MilliQ quality water was used. The other reagents were used as received.

Synthesis of fluorescent peptide CF-GR(Pbf)MLG {#Sec4}
----------------------------------------------

Solid-phase peptide synthesis (SPPS), based on the Fmoc strategy \[[@CR24]\], was performed to obtain the fully protected peptide. Fmoc amino acids were manually assembled on the Fmoc-G-2-chlorotrityl resin (380 mg, 0.59 mmol/g). Stepwise coupling reactions were performed in DMF solution (2 mL) for 2 h using three equivalents of each amino acid (Fmoc-L (238 mg, 0.674 mmol), Fmoc-M (250 mg, 0.674 mmol), Fmoc-R(Pbf) (437 mg, 0.674 mmol), Fmoc-G (253 mg, 0.674 mmol)), COMU (288 mg, 0.674 mmol) and six equivalents of DIPEA (235 μL, 1.348 mmol). The removals of the Fmoc were conducted using 5 mL of a 20 % piperidine solution in DMF (two times for 10 min). After each coupling and deprotection step, the resin was washed three times with DMF, DCM and then again with DMF. To introduce CF to the N-terminal amine group of the last glycine residue, three equivalents of CF (253 mg, 0.674 mmol), HOBt (103 mg, 0.674 mmol) and DIC (110 μL, 0.674 mmol) in 2 mL DMF were added to the resin suspension. After 2 h of reaction, the resin was additionally washed (two times for 10 min) with 20 % piperidine in DMF to remove the phenyl esters formed by the acylation of the CF phenolic hydroxyls. The product was cleaved from the solid support using a 30-min treatment of the peptide-loaded resin in a 5-mL mixture composed of TFE/AcOH/DCM (1:1:8, *v*/*v*/*v*). Next, the resin was filtered and washed with the cleavage solution (two times for 5 min). One hundred and fifty millilitres of hexane was added to the mixture to remove acetic acid as an azeotrope with hexane. The solvents were removed with a rotary evaporator under reduced pressure. One hundred and fifty milligrams of the peptide CF-GR(Pbf)MLG was obtained. The peptide was used without further purification.

Modification of silicon surface {#Sec5}
-------------------------------

The silicon wafers (100) were modified by silinisation to introduce the reactive amine groups onto the surface using a method similar to that described in literature (see ESM) \[[@CR25]\]. Briefly, silicon wafers were treated with piranha solution, then with 2 % APTES in ethanol. The obtained surface is described as Si-APTES.

To introduce PEG monolayer, the Si-APTES surfaces were immersed in a 0.25 M DMF solution of 1-(9-fluorenylmethyloxycarbonyl)amino-3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxanonatriacontan-39-oic acid (Fmoc-NH-PEG-COOH, DP=6) with COMU (0.25 M) and DIPEA (0.5 M). The reaction was performed for 4 h. After the reaction, the wafers were rinsed three times with DMF, three times with MeOH and dried under an argon flow. The Fmoc groups were removed by a 30-min treatment with 30 % piperidine in DMF. Next, the wafers were rinsed three times with DMF, MeOH and dried under an argon flow. The obtained surface is described as Si-PEG.

Immobilisation of peptide {#Sec6}
-------------------------

To immobilise the peptides on Si-APTES and Si-PEG surfaces, the wafers were immersed for 16 h in a 0.2 M peptide DMF solution in presence of COMU (0.2 M) and DIPEA (0.4 M). After the reaction, the peptide-bound surfaces were washed three times with DMF, MeOH and dried under an argon flow. Next, the wafers were treated for 4 h with a mixture of TFA/TIS/phenol/water (88/5/2/5, *v*/*v*/*v*/*v*) to remove the protecting Pbf groups of the arginine residues. After deprotection, the peptide surfaces were rinsed three times with DMF, DCM, MeOH and then dried under an argon flow. Surfaces were further described as Si-GLMR(Pbf)G-CF and Si-PEG-GLMR(Pbf)G-CF.

Trypsin hydrolysis {#Sec7}
------------------

Fifty microliters of a 50 mM ammonium bicarbonate buffer containing 0.1 pmol of trypsin was spotted onto each wafer and left overnight. The post-digestion solutions were collected and analysed using ESI-MS and fluorescence spectroscopy. Next, the surfaces were thoroughly washed with MeOH and dried under an argon flow.

Fluorescence spectroscopy {#Sec8}
-------------------------

Fluorescence spectra were recorded on a Hitachi F-2500 fluorescence spectrophotometer at room temperature with excitation at 494 nm and emission at 520 nm, characteristic for the carboxyfluorescein. The excitation and emission bandwidths were both 5 nm. The kinetics of the trypsin hydrolysis was followed in situ in the spectrophotometer. One millilitre of a 50 mM ammonium bicarbonate buffer containing 20 pmol of trypsin was added to the cuvette that contained peptide surface. The fluorescence emission of the solution was measured for 5 h of reaction and recorded every 10 s.

UV--Vis spectroscopy {#Sec9}
--------------------

A Jasco V-530 UV--Vis spectrophotometer was used.

Atomic force microscopy {#Sec10}
-----------------------

The surface morphology studies were performed using a Multi-Mode AFM microscope with a NanoScope 3D controller (di-Veeco Instruments Inc, USA, CA), which was operated in tapping mode in air with standard 125 mm single-crystal silicon cantilevers (Model TESP, Veeco Instruments Inc., USA). Images of different scan sizes from 500 nm to 10 μm were obtained using the piezoelectric scanner. Micrographs were recorded using the NanoScope Software V531r1, and the most representative images for each sample were selected from three measurements at different surface points. Root mean square of roughness value for each sample was averaged from three measurements in different cross-sections of the images.

Contact angle {#Sec11}
-------------

The surface philicity measurements were performed using a CAM101 contact angle goniometer with an accuracy of ±1°. The water contact angles were determined in air using the sessile-drop method. A 4-μL water droplet was placed on the surface and recorded for 30 s. The contact angle value was taken as the average of five measurements at different parts of two surfaces prepared under the same experimental conditions.

Electrospray ionisation mass spectrometry {#Sec12}
-----------------------------------------

Mass spectra of the obtained peptides and the digestion products were collected on an AmaZon ETD (Bruker Daltonics, Bremen, Germany) mass spectrometer equipped with an ESI ion source. The mass spectrometer settings were as follows: mass spectra registered in a positive ion mode, capillary voltage of −4,500 V and the temperature of the heated capillary was 280 °C. The scans were registered in the MS enhanced resolution mode. The flow rate of the injected samples was set to 3 μL/min. The solvent used for the experiments consisted of 30 % methanol, 69.9 % water and 0.1 % formic acid (*v*/*v*/*v*). The acquired spectra were analysed using Bruker Data Analysis software (ver. 3.0).

Time-of-flight secondary ion mass spectrometry {#Sec13}
----------------------------------------------

The experiments were performed using a ToF-SIMS V (ION-TOF GmbH, Münster, Germany) reflectron-type time-of-flight mass spectrometer equipped with a bismuth liquid metal ion gun. Pulsed 30 keV Bi~3~^+^ clusters at an ion current of ∼0.61 pA were used as primary ions. Positive secondary ions (*m*/*z*, 1--860) were collected for individual 300 μm × 300 μm areas. The mass spectra were internally calibrated using the H^+^, H~2~^+^, CH~3~^+^, C~2~H~3~^+^, C~3~H~3~^+^ and C~3~H~5~^+^ peaks. The Bi~3~^+^ primary ion beam was randomly rastered in a pixel region of 128 by 128 pixels. A low-energy electron flood gun was activated to neutralise the surface during the analysis. During static analysis, each point on the sample surface has a negligible probability of being hit by more than one primary ion. The total ion doses were maintained well below the static limit of 1 × 10^13^ primary ions/cm^2^. The same dose of 1 × 10^12^ ions/cm^2^ was applied for all of the surface analyses.

X-ray photoelectron spectroscopy {#Sec14}
--------------------------------

The XPS measurements were performed on a PHI5700/660 spectrometer using an Al-Kα monochromatic X-ray source with an energy of 1,486.6 eV and an energy resolution of 0.3 eV. All photoelectron spectra were calibrated against the peaks of Au 4f7/2 at 83.98 eV, Ag 3d5/2 at 368.27 eV and Cu 2p3/2 at 932.67 eV of binding energy. The quantitative surface composition (atom%) was calculated for each element using the areas of the peaks.

Results and discussion {#Sec15}
======================

The synthetic procedure leading to well-defined surfaces with peptide or PEG-peptide monolayers responsive to trypsin hydrolysis is described below. The proper assortment of surface analytical techniques allowed confirming the chemical structure of the silicon surface after modification steps and the trypsin digestion of the peptides.

Synthesis of fluorescent peptide CF-GR(Pbf)MLG {#Sec16}
----------------------------------------------

The synthetic route leading to CF-GR(Pbf)MLG pentapeptide is schematically shown in the Fig. [1a](#Fig1){ref-type="fig"} (details are given in the experimental section).Fig. 1**a** The scheme of pentapeptide CF-GR(Pbf)MLG synthesis. **b** The ESI-MS spectrum of CF-GR(Pbf)MLG pentapeptide

Solid-phase peptide synthesis was conducted according to the active ester method using COMU in the presence of DIPEA \[[@CR26]\]. All coupling steps were confirmed by the negative result of the Kaiser test \[[@CR27]\], thus eliminating the need for recoupling. Applied method for introduction of CF led to the fluorescent product of the defined chemical structure. The use of highly acid-labile 2-chlorotrityl chloride polystyrene resin as a support for peptide synthesis allowed for cleavage of the peptide under very mild acidic conditions providing protected form CF-GR(Pbf)MLG.

The structure of the CF-GR(Pbf)MLG pentapeptide (*M* = 1,142.4 g/mol) was analysed by ESI-MS (Fig. [1b](#Fig1){ref-type="fig"}).

Two abundant signals of singly and doubly protonated ions, \[*M* + H\]^+^ (*m*/*z* = 1,143.4) and \[*M* + 2H\]^2+^ (*m*/*z* = 572.5), are present in the spectrum. The less intense signals at *m*/*z* = 1,165.3 and 583.5 result from the sodium adducts of the pseudo-molecular ions \[*M* + Na\]^+^ and \[*M* + HNa\]^2+^. The purity of the obtained pentapeptide exceeded 97 %, as indicated by reverse-phase HPLC (see Electronic Supplementary Material, Fig. [S1](#MOESM1){ref-type="media"}).

Both the ESI-MS and reverse-phase HPLC analyses confirmed the successful peptide synthesis protocol. The use of the coupling agent COMU, which was recently described by El-Faham \[[@CR26]\], resulted in the formation of a well-defined peptide with high purity. Only one reactive carboxyl group contained in the peptide structure provides the possibility for site-specific binding of the peptide onto the amine-rich surfaces.

Modification of the silicon surface for peptide attachment {#Sec17}
----------------------------------------------------------

To enable peptide immobilisation, the silicon surface was modified in several consecutive steps to introduce the active amino groups.

The amino-silylation of silicon wafers using 3-aminopropyltrietoxysilane led to Si-APTES surface (Fig. [2a](#Fig2){ref-type="fig"}, surface 1) with 3.5 pmol/mm^2^ amine groups (Electronic Supplementary Material). The applied synthetic procedure was similar to methods described in the other works \[[@CR25]\]. Obtained density of amine groups are close to the values reported for a silane-modified silicon surface \[[@CR4]\].Fig. 2**a** Grafting of poly(ethylene glycol) to the Si-APTES surface. **b** Fragments of the ToF-SIMS spectra for the Si-APTES, Si-PEG-Fmoc and Si-PEG surfaces

The prepared Si-APTES silicon wafers were used for the direct immobilisation of the CF-GR(Pbf)MLG pentapeptide or subjected to further modification with PEG.

To obtain a PEG monolayer on the silicon surface, we applied a heterobifunctional, commercially available HOOC-PEG(6)-NH-Fmoc which contains six ethylene glycol units (DP = 6) and two end-groups: carboxyl group and protected by Fmoc amine group. The PEG end-functionalities were selected to provide chemoselective grafting to the support without side reactions, such as reactions between the PEG chains in solution or the formation of loops on the surface by bounding both chain ends.

The PEG monolayer was formed through the condensation of the carboxyl end-groups of HOOC-PEG(6)-NH-Fmoc and the amines present on the Si-APTES surface (Fig. [2a](#Fig2){ref-type="fig"}, surface 2, Si-PEG-Fmoc) followed by Fmoc removal (Fig. [2a](#Fig2){ref-type="fig"}, surface 3, Si-PEG).

ToF-SIMS analysis directly confirmed the introduction of the PEG monolayer onto the silicon wafers (Fig. [2b](#Fig2){ref-type="fig"}).

In the ToF-SIMS spectrum of Si-PEG-Fmoc, a characteristic signal which represents ethylene glycol repeating unit \[C~2~H~5~O\]^+^ at *m*/*z* = 45.0 ion was significantly increased in comparison with Si-APTES. Moreover, the signal \[C~14~H~11~\]^+^ at *m*/*z* = 179.1 from the Fmoc modification appeared in the spectrum, thus proving the attachment of Fmoc-terminated PEG. Similar fragments were observed by Ulijn and co-workers for ToF-SIMS analysis of PEG-containing glass surfaces \[[@CR28]\]. The removal of the Fmoc-protecting group with piperidine leading to Si-PEG surface resulted in a complete disappearance of the *m*/*z* = 179.1 ion, which indicated a complete deprotection of PEG, whereas the intensity of the signal at *m*/*z* = 45.0 did not change, proving that the PEG chains remained attached to the surface.

The chemical modification of the silicon surface resulted in changes in the surface morphology and philicity (see Electronic Supplementary Material, Fig. [S5](#MOESM1){ref-type="media"}). The surface roughness significantly increased after grafting the PEG-Fmoc monolayer to the surface. By comparing the contact angle values of the amino-terminated surfaces of Si-APTES and Si-PEG, it can be observed that the presence of the PEG linker between the surface and the amine groups increased the surface hydrophilicity.

The ToF-SIMS spectra, changes in the surface roughness and the contact angles confirmed the successful functionalisation of the silicon wafers.

Peptide surfaces and their characterisation {#Sec18}
-------------------------------------------

The peptide CF-GR(Pbf)MLG was immobilised directly on the Si-APTES surface (Fig. [3a](#Fig3){ref-type="fig"}, surface 4, Si-GLMR(Pbf)G-CF) or through a short poly(ethylene glycol) linker (DP = 6) (Fig. [3b](#Fig3){ref-type="fig"}, surface 6, Si-PEG-GLMR(Pbf)LG-CF) under the same experimental conditions for both surfaces. The immobilisation was performed by the condensation of their carboxyl groups and the amines present on the surface using a newly developed, highly active reagent, COMU \[[@CR26]\]. TFA treatment of peptide surfaces led to removal the protecting group of the arginine residue, which resulted in the peptide moiety being susceptible to the action of trypsin (Fig. [3a](#Fig3){ref-type="fig"}, surface 5, Si-GLMRG-CF; Fig. [3b](#Fig3){ref-type="fig"}, surface 7, Si-PEG-GLMRLG-CF).Fig. 3Immobilisation of peptide **a** directly on the Si-APTES surface and **b** through a PEG linker on the Si-PEG surface. The AFM images and contact angles are shown

The peptide immobilisation increased the surface roughness compared to that of the initial Si-APTES and Si-PEG surfaces. The contact angle values after the introduction of the peptide moieties slightly decreased. Due to the hydrophilic character of the PEG, immobilisation of the peptide through PEG resulted in the surface having a more hydrophilic character, than when the peptide was bound directly to Si-APTES.

Surface composition of modified silicon wafers was verified by X-ray photoelectron spectroscopy (Table [1](#Tab1){ref-type="table"}). The penetration depth of XPS measurement was deeper than the layer thickness and for this reason even for the outer layer strong signals from silicon are observed.Table 1Surface atomic composition after certain modification stepSurfaceCNOSi\[atom%\]\[atom%\]\[atom%\]\[atom%\]Si-OH8.700.4359.3531.52Si-APTES21.942.3148.9626.79Si-GLMRG-CF26.202.9546.0424.80Si-PEG-GLMRG-CF28.713.7144.0923.49

The amino-silylation process increased the amount of surface carbon due to the presence of carbon in the propyl group of the (3-aminopropyl)triethoxysilane. The surface concentration of nitrogen also increased what was connected with introduction of the amine groups onto the wafers surface. The oxygen and silicon concentrations decreased slightly as the silicon wafer signals were attenuated by (3-aminopropyl)silane overlayer. The increase of carbon and nitrogen signals for Si-GLMRG-CF and Si-PEG-GLMRG-CF confirmed the immobilisation of the peptide. The signal from silicon with every modification step was reduced that indicate the growth of layer thicknesses. The comparison between atomic composition calculated and measured by XPS values are added to Electronic Supplementary Material (Table [S1](#MOESM1){ref-type="media"}).

ToF-SIMS analysis was applied to prove the attachment of peptides to the surface. This provides an opportunity to detect molecules that are covalently bound to a solid support. For all of the analysed surfaces containing the pentapeptides, Si-GLMR(Pbf)G-CF, Si-GLMRG-CF, Si-PEG-GLMR(Pbf)G-CF and Si-PEG-GLMRG-CF, characteristic "immonium ions" H~2~N^+^ = HC-R, where R is the side chain group of the specific amino acid, related to glycine, arginine, leucine and methionine were visible in ToF-SIMS spectra in the low *m*/*z* range as it is typical for peptides \[[@CR29]\]. Due to the presence of carboxyfluorescein in the analysed samples, characteristic carboxyfluorescein fragments at *m*/*z* = 213.1, 286.1, 287.1, 332.1, 376.1 and 388.1 were observed (Fig. [4a](#Fig4){ref-type="fig"}).Fig. 4**a** The fragment of the ToF-SIMS spectrum for the Si-PEG-GLMRG-CF surface. **b** Positive ion maps of chosen signals for all of the analysed surfaces (300 μm × 300 μm); the intensity scale is the same for all ion images

The ions from the carboxyfluorescein modification are more convenient for SIMS analysis than "immonium ions" because they are relatively intensive and appear in the high *m*/*z* range, where the possibility for occurrence of other ions that have the same *m*/*z* is negligible.

ToF-SIMS distribution maps of representative ions coming from the PEG (*m*/*z* = 45.0), Pbf (*m*/*z* = 189.1) and CF (*m*/*z* = 213.1, 286.1, 332.1) are shown in Fig. [4b](#Fig4){ref-type="fig"}. No characteristic signals coming from PEG or peptide are visible from Si-APTES surface. Covering with PEG gives rise of the intensive signal \[C~2~H~5~O\]^+^ at *m*/*z =* 45 (rows 4, 5, 6). The signal at *m*/*z* = 189.1 assigned to the \[C~13~H~17~O\]^+^ ion, which is indicative of Pbf protecting groups of arginine residues, appeared on surfaces Si-GLMR(Pbf)G-CF and Si-PEG-GLMR(Pbf)G-CF covered with protected peptide (rows 2 and 5). After deprotection of the pentapeptides using trifluoroacetic acid, this ion completely disappeared (rows 3 and 6) indicating the quantitative removal of Pbf. The strong acidic conditions used for arginine deprotection did not influence the intensity of other ions (rows 3 and 6), ensuring that the prepared peptide surfaces are resistant to acid treatment. For all peptide containing surfaces (rows 2, 3, 5, 6), abundant signals at *m*/*z* = 213.1, 286.1, and 332.1, which originate from carboxyfluorescein fragments, were present in the Tof-SIMS spectra. The intensities of the listed ions were higher in each case when the peptide was immobilised via a PEG spacer. All of the images indicate a homogeneous coating across the 300 μm × 300 μm area.

The applied synthetic methods resulted in well-defined peptide surfaces. The described protocol for the immobilisation of peptides in their protected forms ensures the site-specific binding of peptide to the surface. The introduction of carboxyfluorescein dye to the pentapeptide moiety was helpful in the ToF-SIMS analysis because under the primary ion beam CF released easily detectable, characteristic fragments. The applied method is universal and can be easily adapted to obtain various peptide sequences on the modified silicon surfaces, including of multiple substrates (e.g. combinatorial chemistry). The obtained surfaces are stable. The wafers kept for 6 months in dark under nitrogen atmosphere show neither any changes in fluorescence nor ToF-SIMS measurements.

Mass spectrometry and fluorescence in following the trypsin action {#Sec19}
------------------------------------------------------------------

Trypsin treatment of the Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces resulted in the hydrolysis of peptide bond at C-site of arginine and release of the CF-GR fluorescent peptide product, according to the scheme presented in Fig. [5a](#Fig5){ref-type="fig"} \[[@CR30]\]. Study of the post-digestion solution (ESI-MS, fluorescence) and the surface (ToF-SIMS) can easily confirm the presence or absence of this enzyme in the sample.Fig. 5**a** The scheme of the enzymatic hydrolysis of the peptide CF-GRMLG attached to the Si-APTES or Si-PEG surface. **b** ESI-MS analysis of the post-digestion solution for Si-PEG-GLMRG-CF, where a signal at *m*/*z* = 259.6 is a doubly protonated ion of a CF-GR product. **c** Fluorescence analysis of the time course of trypsin hydrolysis for Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces (*λ* ~em~ = 520 nm; *λ* ~ex~ = 494 nm). Results are means ± SD for three independent experiments

The mass spectrometry analyses of the post-digestion solutions confirmed the specificity of the hydrolysis of the pentapeptide catalysed by trypsin (Fig. [5b](#Fig5){ref-type="fig"}).

The ESI-MS spectra of the solutions after incubation of peptide surfaces with trypsin exhibited an abundant signal at *m*/*z* = 295.6. This ion is attributed to the doubly protonated pseudo-molecular ion \[*M* + 2H\]^2+^ of the expected digestion product CF-GR with a molar mass of *M* = 589.1 g/mol. The attraction of two protons was confirmed by its isotopic profile and was also confirmed by MS/MS studies (spectra not shown).

The on-chip tryptic hydrolysis of the CF-GRMLG pentapeptide on the Si-APTES and Si-PEG surfaces of the same area was monitored using fluorescence spectroscopy (Fig. [5c](#Fig5){ref-type="fig"}).

The emission values (excitation *λ* = 494 nm) of the post-digestion solutions during trypsin hydrolysis revealed that the fluorescence intensity is considerably higher for the peptide immobilised through the PEG linker than for the peptide directly immobilised on the Si-APTES surface. To obtain the amount of released peptide, the CF-GR peptide was synthesised by SPPS and characterised by RP-HPLC (Electronic Supplementary Material, Fig. [S2](#MOESM1){ref-type="media"}) and ESI-MS (Electronic Supplementary Material, Fig. [S3](#MOESM1){ref-type="media"}). This peptide was used to create the fluorescence calibration curve (Electronic Supplementary Material, Fig. [S4](#MOESM1){ref-type="media"}). It turned out that for the peptide attached directly, 0.14 pmol/mm^2^ CF-GR was released, while the peptide attached via PEG linker yielded 0.26 pmol/mm^2^, nearly a double amount (see ESM). The presence of PEG caused a faster rate of hydrolysis than that for the directly immobilised substrate. For the Si-PEG-GLMRG-CF surface, the reaction was completed after 2 h, whereas for the Si-GLMRG-CF surface, this process required more than 3 h. Those results indicate that the peptides linked to the surface through PEG have higher affinity and accessibility to the enzyme than those directly immobilised on the Si-APTES layer. The applied analytical method using fluorescence for study enzyme action is very sensitive and allows for detection 0.01 pmol released CF-GR product.

The enzymatic hydrolysis was also studied by ToF-SIMS surface analysis. The maps for selected ions from the Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces, both before and after exposure to trypsin, are shown in Fig. [6a](#Fig6){ref-type="fig"}.Fig. 6**a** Selected positive ion maps (300 μm × 300 μm) from Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces before and after trypsin digestion. **b** Comparison of the *m*/*z* = 332 ion intensities before and after trypsin digestion of Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces

The representative ions for carboxyfluorescein (*m*/*z* = 213.1, 286.1, 332.1) almost completely disappeared after enzymatic digestion what proved that exposure of the Si-GLMRG-CF and Si-PEG-GLMRG-CF surfaces to trypsin resulted in efficient digestion process and removal of CF-GR product from the peptide surfaces. The ion at *m*/*z* = 45.0 from the PEG-containing surface remained unchanged, which indicates that the hydrolysis process did not influence the PEG units.

To estimate the efficiency of trypsin hydrolysis, the ratios of the integrated representative signal at *m*/*z* = 332.1 before and after digestion were compared (Fig. [6b](#Fig6){ref-type="fig"}). Although ToF-SIMS is not a quantitative method, the reduction in the abundance of the ion at *m*/*z* = 332.1 clearly indicates the release of a CF-containing product as a result of tryptic digestion. The abundance of the ion was reduced by approximately 99 % of the initial ion value for Si-PEG-GLMRG-CF and by 85 % for Si- GLMRG-CF. The exact amount of the released product cannot be determined, but the experiments revealed that immobilisation via PEG resulted in more efficient digestion process.

The significantly higher amount of released product in the case of Si-PEG-peptide surfaces cannot be exclusively caused by better accessibility (less steric hindrance) of peptide to enzyme. The ToF-SIMS indicates that the action of enzyme removes almost all CF-GR sequence fragments from the surface (99 % with PEG and 85 % without PEG). The fluorescence measurements proved that much more CF-GR was digested from the surface containing linker, thus evidencing that the introduction of linker permits more peptides to be immobilised.

Conclusions {#Sec20}
===========

A short, fluorescently labelled peptide substrate CF-GRMLG was successfully used to prepare surfaces that are suitable for the efficient and easy detection of enzymes. The applied method for the preparation of peptide surfaces was effective and ensures site-specific peptide immobilisation directly onto the APTES-modified silicon surface or immobilisation through the PEG linker. The carboxyfluorescein residue connected to the peptide sequence appeared to be easily detectable not only for sensitive fluorescence analysis but also for ToF-SIMS identification, thereby providing several characteristic features for simplifying the reliable peptide recognition on the surface. Digestion of the peptide surfaces with trypsin led to the release of the fluorescent peptide fragment. The use of the obtained peptide surfaces enables enzymatic hydrolysis to be monitored on-chip, and its kinetics can be followed by fluorescence analysis. The ESI-MS measurement of the post-digestion solution confirmed the specificity of the enzymatic cleavage, whereas ToF-SIMS allowed for detailed surface analyses before and after the enzyme action. The presence of the PEG linker between the peptide and the surface facilitated the hydrolysis, making the applied peptides more prone to trypsin digestion than peptides directly attached to the surface. The peptide surfaces containing the PEG linker reach a higher peptide capacity, what increases sensitivity of trypsin assays. Furthermore, the immobilisation of the peptide through PEG led to an almost quantitate hydrolysis yield, whereas in the case of direct immobilisation, some undigested peptides were still present. The presence of short PEG spacer between the surface and peptide together with appropriate surface parameters, such as homogeneity, roughness, philicity and the density of functional groups resulted in the optimal analytical platform for the trypsin assay. Simple replacement of GLMRG by specific peptide sequences designed for other proteases (biomarkers) may provide a tool in the diagnosis of diseases and in monitoring the therapy. All the characterisation techniques used in work confirmed the usefulness of the prepared wafers as an analytical platform to study proteases.
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